In sea urchin development, micromere descendants play important roles in skeletogenesis and induction of gastrulation. We previously reported that the T-brain homolog of sea urchin Hemicentrotus pulcherrimus, HpTb expresses specifically in micromere descendants and is required for induction of gastrulation and skeletogenesis. Thus, HpTb is thought to play important roles in the function of micromere-lineage cells. To identify cis-regulatory regions responsible for spatio-temporal gene expression of HpTb, we isolated $7 kb genomic region of HpTb gene and showed that GFP expression driven by this region exhibits the spatio-temporal pattern corresponding substantially to that of endogenous HpTb expression. Deletion of interspecifically conserved C2 and C4 regions resulted in an increase of ectopic expression. Mutations in Hairy family and Snail family consensus sequences in C1 and C2 regions also increased ectopic expression. Furthermore, we demonstrated that C4 region functions as enhancer, and that three Ets family consensus sequences are involved in this activity but not in spatial regulation. Therefore, we concluded that expression of HpTb gene is regulated by multiple cis-regulatory elements.
Introduction
At the 16-cell stage of sea urchin development, four micromeres are produced at the vegetal pole of the embryo. Micromere descendants generate primary mesenchyme cells (PMCs), which differentiate autonomously to skeletogenic cells, as isolated micromeres give rise to skeletogenic cells in vitro (Okazaki, 1975) . In addition, micromeres play an important role in axis formation as shown by the experiment, in which transplantation of micromeres into the animal pole region induces a secondary axis formation (Hö rstadius, 1973; Ransick and Davidson, 1993) . Removal of micromeres from embryos at the 16-to 32-cell stage impairs expression of an endoderm-specific gene (Ransick and Davidson, 1995) . Furthermore, signal(s) emanating from micromere descendants at late blastula stages are important for gastrulation (Minokawa and Amemiya, 1999; Ishizuka et al., 2001) .
In the morphogenetic process, sequence-specific binding of transcription factors to cis-regulatory elements are involved in appropriate spatio-temporal patterns of gene expressions at each specification step (Levine and Davidson, 2005) . Cis-regulatory system could be separated into several 0925-4773/$ -see front matter Ó 2007 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod. 2007 .10.009 cis-regulatory modules. To establish a specific pattern of each gene expression, cis-regulatory modules are integrated in the promoter. Recently, a model for the gene regulatory network (GRN) that is responsible for endomesoderm specification of sea urchin embryos has been constructed based on experimental perturbation analyses Oliveri and Davidson, 2004; Ben-Tabou de-Leon and Davidson, 2006) . From this model, many transcription factors are expected to bind to the cis-regulatory elements and to be involved in the regulation of target gene expression. However, since these cis-regulatory interactions of transcription factor genes in this model are predictions deduced from perturbation analyses, most of them remained to be confirmed experimentally.
We have identified a PMC-specific transcription factor gene, HpTb from Hemicentrotus pulcherrimus (Fuchikami et al., 2002) . HpTb is a homolog of T-brain and expressed transiently from the hatched blastula stage through the mesenchyme blastula stage to the gastrula stage in the PMC lineage (Fuchikami et al., 2002) . Fuchikami et al. (2002) revealed that HpTb is involved in the production of archenteron induction signals, and suggested that HpTb is involved in spicule formation (Fuchikami et al., 2002) . However, the upstream factors that directly regulate the expression of HpTb gene have not been reported yet. Here, we focused on interspecifically conserved regions C1-C4 within the HpTb gene, and showed that Hairy and Snail family consensus sequences in C1 and C2 regions, respectively, and C4 region are involved in the regulation of spatial pattern of HpTb gene expression, and three Ets family consensus sequences in C4 region are implicated in the activation of HpTb gene expression.
Results

7 kb genomic region of HpTb gene can restrict the gene expression to PMC lineage
To investigate the cis-regulatory elements that control the spatio-temporal pattern of the HpTb gene expression, we isolated an approximately 7 kb genomic DNA fragment of HpTb gene. This genomic DNA fragment spans from À406 to +6703 and contains from the upstream region through to a part of the 2nd intron of HpTb gene. A reporter plasmid, HpTb-GFP, in which a fusion protein of HpTb and green fluorescent protein (GFP) expresses under the control of the 7 kb region of HpTb gene, was constructed and microinjected into fertilized eggs of sea urchin (Fig. 1A) , and subsequently, the ability of the 7 kb region to drive the spatio-temporal pattern of HpTb gene expression was examined by tracing HpTb-GFP expression in the injected embryos. To determine whether the 7 kb region contains cis-regulatory elements that are responsible for the temporal pattern of HpTb gene expression, injected embryos were collected at 6, 12, 18, 24 and 36 h post-fertilization (hpf), and the amount of HpTb-GFP mRNA was analyzed using Quantitative PCR (QPCR) (Fig. 1B) . In general, the amount of exogenous reporter mRNA varies depending on the copy number of DNA construct integrated into the genome (Livant et al., 1988) . Therefore, for the accurate comparison of the transcriptional activity of HpTb-GFP at each time point, we normalized the amount of the HpTb-GFP transcripts by the copy number of HpTb-GFP transgene as described by Revilla-i-Domingo et al. (2004) . In this method, the average copy About 100-150 embryos microinjected with HpTb-GFP were collected at each time point after fertilization. DNA and RNA were extracted, and RNA was reverse-transcribed to synthesize single-stranded cDNA. A QPCR was performed as described in Section 4. The amount of HpTb-GFP mRNA at 24 h post-fertilization (hpf) is defined as 100%. Data are expressed as means ± SEM (n = 3). (C-K) HpTb-GFPexpressing embryos. Panels C, D and E are bright field images. Panels F, G and H are fluorescent images. Panels I, J and K are merged images of C-E and F-H. C, F and I were taken at 14 hpf, D, G and J at 24 hpf, and E, H, K at 36 hpf.
number of the HpTb-GFP construct integrated into a single genome was estimated by dividing the quantity of this construct by that of endogenous Arylsulfatase (Ars) gene, which is a single copy gene in the haploid genome of sea urchin (unpublished data). The relative amount of HpTb-GFP mRNA per injected embryo was estimated by dividing the quantity of HpTb-GFP mRNA by the quantity of mitochondrial cytochrome oxidase subunit I (MtCOI) mRNA that expresses constitutively at the same level during sea urchin development (Okabayashi and Nakano, 1983; Yamaguchi and Ohba, 1994; Fujiwara and Yasumasu, 1997) . Ultimately, the relative amount of HpTb-GFP mRNA per embryo was normalized by the average copy number of HpTb-GFP constructs integrated into a single genome. The expression of HpTb-GFP was inactive until 12 hpf, started by 18 hpf, and reaches a maximum level at 24 hpf (Fig. 1B) . This temporal expression pattern of HpTb-GFP is similar to that of the endogenous HpTb gene, which expresses transiently from the hatched blastula (14-16 hpf) to the gastrula stage (24-30 hpf) (Fuchikami et al., 2002) , indicating that the 7 kb region of HpTb gene is sufficient to establish the temporal pattern of HpTb gene expression.
The spatial expression pattern of the HpTb-GFP construct was also analyzed (Fig. 1C-K) . In HpTb-GFP-expressing embryos, a significant amount of embryos showed GFP fluorescence in micromere descendants and primary mesenchyme cells (PMCs) where the endogenous HpTb gene expresses specifically. At 24 hpf, 82% of HpTb-GFP-expressing embryos showed fluorescence in PMCs, but ectopic expression was also observed in some proportion of embryos (Table 1 ). This result suggests that the 7 kb region of HpTb gene (À406 to +5972) can restrict the expression of HpTb gene substantially to the PMC lineage, although some other regions might be required for complete repression of ectopic expression of the HpTb gene. Therefore, we decided to identify the cis-regulatory regions, which are required for the restriction of HpTb gene expression to the PMC lineage, within the 7 kb genomic region.
2.2.
Comparison of nucleotide sequences of T-brain genes among three sea urchin species
To address the cis-regulatory region within the 7 kb region of HpTb gene, the nucleotide sequence of the 7 kb region was compared with the corresponding region of genes encoding the T-brain ortholog of other sea urchin species, Strongylocentrotus purpuratus (Sp) and Lytechinus variegatus (Lv) by FamilyRelationsII software (Fig. 2) . When a window size of 30 bp and a similarity of 75% were adopted, four conserved regions (C1-C4) were found besides exons. The C1 region locates in the 5 0 franking region and C2-C4 regions in the 1st intron. It is well-accepted that the interspecifically conserved regions are likely to be functionally important and to contain cis-regulatory regions, and this sense is supported by both logical and experimental observations . Therefore, we focused on these conserved regions to identify the cis-regulatory elements that are involved in the spatial regulation of HpTb gene expression. To find candidates for cis-regulatory elements within each conserved region, we searched for transcription factor binding sites that can be found at a single site within the 7 kb region of HpTb gene and that locate at corresponding positions of T-brain genes among sea urchin species. By this unique search, we found Hairy family and NF-Y consensus sequences in the C1 region and Snail family consensus sequence in the C2 region as candidates for cis-regulatory elements. However, since NF-Y is a CAAT box binding factor that binds to a general eukaryotic promoter (Mantovani, 1998) , we decided to focus on Hairy and Snail family consensus sequences to identify the cis-regulatory elements responsible for the spatial regulation of HpTb gene expression in this study.
2.3.
Cis-regulatory elements responsible for the spatial pattern of HpTb gene expression
To examine whether the interspecifically conserved regions are involved in the regulation of spatial pattern of HpTb gene expression, either of the conserved regions was deleted from the HpTb-GFP construct (Fig. 3) . Since the C1 region spanning À285 to À36 may contain a basal promoter of the HpTb gene, deletion of the entire C1 region from the HpTb-GFP construct could not be carried out. These deletion constructs were injected into fertilized eggs and the spatial pattern of GFP fluorescence was analyzed at the mesenchyme blastula stage (20 hpf) (Fig. 4A-C) . In this analysis, we counted the number of embryos that show GFP fluorescence in either PMC, presumptive endomesoderm (Em) corresponding to vegetal plate or presumptive ectoderm (Ec) (Fig. 4D, Table 1 ). Deletion of the C3 region showed a negligible effect on the spatial pattern of HpTb-GFP expression compared to the deletion of other conserved regions, suggesting that the C3 region may not include essential cis-regulatory elements required for the spatial regulation of HpTb gene expression at mesenchyme blastula stage. However, deletions of either C2 or C4 regions increased ectopic expression of HpTb-GFP. Deletion of the C2 region resulted in an increase of ectopic expression of HpTb-GFP in both Ec and Em domains. This suggests that the C2 region may repress transcription in Ec and Em domains. On the other hand, deletion of the C4 region increased ectopic HpTb-GFP expression in the Ec domain but not in the Em domain, suggesting that the C4 region may repress transcription in Ec domain. Moreover, deletion of the C4 region showed a decreased level of GFP fluorescence, suggesting that the C4 region also functions as an enhancer.
We also introduced base substitutions into Hairy family consensus sequence in the C1 region and Snail family consensus sequence in C2 region in HpTb-GFP construct (Fig. 3 , DHairy HpTb-GFP and DSnail HpTb-GFP, respectively) and used them to analyze the effect on the spatial pattern of HpTb-GFP expression as described above (Fig. 4D) . Mutation of Hairy family consensus sequence resulted in an increase of HpTb-GFP expression in both Ec and Em domains, indicating that the Hairy family consensus sequence in the C1 region may be involved in the repression of ectopic expression of HpTb gene in Ec and Em domains. Mutation of Snail family consensus sequence also caused an increase of ectopic expression in Ec and Em domains as observed by deletion of C2 region, suggesting that Snail family consensus sequence may be the cisregulatory element responsible for the repressive function of the C2 region. To confirm that these two consensus sequences possess repressive function, HpTb-GFP, DHairy HpTb-GFP or DSnail HpTb-GFP construct was injected into fertilized eggs and the amount of HpTb-GFP mRNA was measured by QPCR at the mesenchyme blastula stage (20 hpf) as described above (Fig. 4E) . Mutations in either Hairy or Snail consensus sequences increased the amount of HpTb-GFP mRNA, indicating that Hairy and Snail consensus sequences are the repressive cis-regulatory elements responsible for the function of C1 and C2 regions, respectively. Furthermore, we prepared a triple mutation, which includes base substitutions of Hairy family and Snail family consensus sequences and deletion of the C4 region (DHairy/Snail/C4 HpTb-GFP) (Fig. 3 ). This triple mutation lead the HpTb-GFP expression to a slightly higher proportion of ectopic expression in the Ec domain than each single mutation, whereas the proportion of HpTb-GFP expression in the Em domain was almost same as that of either DHairy HpTb-GFP or DSnail HpTb-GFP (Fig. 4D) . These results suggest that these two consensus sequences and the C4 region could function cooperatively to repress ectopic expression in the Em domain and may act synergistically to inhibit transcription in the Ec domain. It should be noticed that more than 50% of embryos injected with the triple mutation showed HpTb-GFP expression in PMC. This suggests that additional cis-regulatory elements may be involved in spatial regulation of HpTb gene expression.
As described above, since the C1 region spanning À285 to À36 may contain a basal promoter of the HpTb gene, the entire C1 region could not be deleted from the HpTb-GFP construct. When we prepared another GFP construct, U-GFP, in which GFP expression is driven under the control of the upstream region spanning À406 to +287 that includes the C1 region ( Fig. 3 ) and injected it into fertilized eggs, approximately 65% of GFP-expressing embryos showed GFP fluorescence in PMCs (Fig. 4F ). Base substitution of Hairy family consensus sequence in the U-GFP construct (DHairy U-GFP) slightly increased the proportion of ectopic expression but did not affect the expression in PMC as observed by the mutation of Hairy family consensus sequence in HpTb-GFP construct. Surprisingly, over 60% of GFP-expressing embryos that were injected DHairy U-GFP still showed GFP fluorescence in PMC, suggesting the presence of an additional cis-regulatory element to restrict gene expression to PMC in the upstream region of HpTb gene. Furthermore, it should be noticed that DHairy U-GFP injected embryos showed an increased proportion of ectopic expression in Ec and Em domains without the downstream region of HpTb gene. This implies that the upstream region contains a cis-regulatory element, which activates the HpTb gene expression ubiquitously. In this study, the expression patterns of each experimental construct did not change from the blastula to gastrula stages (data not shown).
Enhancer element within HpTb gene
Intensity of GFP fluorescence decreased by deleting the C4 region from HpTb-GFP as described above, suggesting the presence of an enhancer element in C4 region. At first, therefore, we searched for an enhancer element within the HpTb gene. The HpTb gene fragment spanning +567 to +6566 was divided into 3 fragments. Fragment A spans from +567 to +2762, fragment B from +2767 to +4402, fragment C from +4401 to +6566, and the C4 region is included in fragment C (Fig. 5A ). The upstream region of HpTb gene (À406 to +287) was fused with luciferase gene (U-Luc), and then either fragments A, B or C was inserted into the upstream of U-Luc (A-, B-and C-U-Luc). These U-Luc constructs were introduced into fertilized eggs by particle gun method, and luciferase activity of the introduced embryos was measured at the mesenchyme blastula stage (Fig. 5B) . Fragments A and B did not show any enhancement of luciferase activity of U-Luc while fragment C increased the luciferase activity about 10-fold to that of ULuc, indicating that the C4 region-containing fragment C possesses an enhancer activity. To address the region that is responsible for the enhancer activity, fragment C was gradually deleted from either 5 0 or 3 0 ends of the fragment C, and inserted into the upstream of U-Luc. The luciferase activity of these constructs was measured at the mesenchyme blastula stage ( Fig. 6A and B). Deletion of up to 150 bp from the 5 0 end of fragment C did not affect the enhancer activity of this fragment. However, when fragment C was deleted 200 bp from the 5 0 end, luciferase activity decreased significantly to less than half of the activity of fragment C (Fig. 6A , red arrow). Since the C4 region locates between 151 and 572 bp from the 5 0 end of fragment C, this result suggests that the C4 region has an enhancer activity. On the other hand, when fragment C was deleted from the 3 0 end until the length reached 572 bp, a slight decrease of the enhancer activity was observed. However, deletion to 472 bp in length resulted in a substantial decrease in enhancer activity (Fig. 6B, red arrow) , verifying the presence of an enhancer element in the C4 region. In order to confirm that the C4 region contains an enhancer activity, the C4 region was inserted into the upstream of U-Luc (C4-U-Luc), and luciferase activity was measured as described above. C4-U-Luc showed approximately 70% of the enhancer activity compared to that of C-U-Luc, revealing that the C4 region contains a cis-regulatory element that is responsible for the enhancer activity of fragment C (Fig. 6C ). To exclude a possibility that enhancement of luciferase activity by the C4 region is due to an increase of ectopic expression, C4-U-GFP construct was prepared and spatial pattern of GFP fluorescence was analyzed (Fig. 3 ). C4-U-GFP exhibited a decrease of ectopic expression of GFP in Ec domain, and a slight increase of GFP expression in PMC compared to U-GFP (Table 1) . Collectively, the C4 region contains a cis-regulatory element that is responsible for both the enhancement of HpTb gene expression and repression of ectopic expression of HpTb gene in Ec domain.
To examine whether the enhancer activity of the C4 region can act not only to the HpTb promoter but also to other gene promoter, the C4 region of HpTb gene was inserted into the upstream of the Ars gene promoter fused with luciferase reporter gene (Fig. 7) . This construct was introduced into fertilized eggs and the luciferase activity was measured at 24 hpf. The C4 region increased the activity of Ars gene promoter to $10-fold, indicating that the C4 region can enhance the activity not only of HpTb gene promoter but also of other gene promoter.
2.5.
Ets family consensus sequence responsible for enhancer activity of C4 region
To identify cis-regulatory elements that are responsible for the enhancer activity of the C4 region, a computational search for transcription factor binding sites was carried out to find candidates for cis-regulatory elements, and we found three Ets family consensus sequences, which include an Gray boxes, open boxes, yellow arrows and red boxes represent fragments C, U, luciferase reporter gene and the C4 region, respectively. In panels (A) and (B), a red arrow denotes significant decrement of luciferase activity in the serial deletion. Luciferase activity was measured at 24 hpf, and is represented as relative activity to that of C-U-Luc; the activity of C-U-Luc construct is defined as 100%. Data are expressed as means ± SEM (n = 5).
Fig. 7 -C4 region can enhance the activity of Ars gene promoter. Luciferase activity was measured at 24 hpf, and is represented as relative activity to that of C4-Ars-Luc; the activity of C4-Ars-Luc construct is defined as 100%. Data are expressed as means ± SEM (n = 5).
Ets1 consensus sequence (5 0 -ACATCCTG-3 0 ) (Nye et al., 1992) , and two PEA3 consensus sequences (5 0 -AGGAAA-3 0 ) (Rørth et al., 1990) (Fig. 8A) . To examine whether these Ets family consensus sequences are responsible for the enhancer activity of the C4 region, base substitutions were introduced into each Ets family consensus sequences in C4-U-Luc. Mutated C4-U-Luc constructs were introduced into fertilized eggs and luciferase activity was measured at 24 hpf (Fig. 8B ). Mutations at each Ets family consensus sequences decreased the enhancer activity to about half of the intact C4-U-Luc. Furthermore, triple mutation in three Ets family consensus sequences did not further decrease the enhancer activity from each single mutation. These results suggest that these Ets family consensus sequences may be involved in the enhancer activity of C4 region, and these sites may act cooperatively to enhance the HpTb gene expression. However, mutations of Ets family consensus sequences in the C4 region did not eliminate the enhancer activity, suggesting that some other sites may also be involved in the enhancer activity of the C4 region.
To investigate whether these Ets family consensus sequences are involved in the regulation of spatial pattern of HpTb gene expression, each of these sites was mutated by base substitution in C4-U-GFP, and the mutated C4-U-GFP constructs were injected into fertilized eggs. Spatial pattern of GFP expression was not significantly affected by the mutations (data not shown). These results indicate that Ets family consensus sequences in the C4 region were involved in the enhancer activity, but not in the regulation of spatial pattern of HpTb gene expression.
Since we previously suggested that HpTb is regulated by HpEts (Fuchikami et al., 2002) , HpEts morpholino or control morpholino was co-injected with HpTb-GFP construct, and the effect of morpholino-mediated knockdown of HpEts on the expression of HpTb-GFP was analyzed. Control morpholino did not affect the embryogenesis, and the spatial pattern of HpTb-GFP expression in embryos with control morpholino was almost identical to that without morpholino (Fig. 9A-C) . On the other hand, HpEts morpholino inhibited the ingression of PMC, and the substantial expression of HpTb-GFP was observed in Em domain of HpEts knockdown embryos (Fig. 9D-F) . Then, we measured the amount of HpTb-GFP mRNA in morpholino-injected embryos at mesenchyme blastula stage (20 hpf) by QPCR. The morpholinomediated knockdown of HpEts decreased the amount of HpTb-GFP mRNA (Fig. 9G) as well as the amount of the endogenous HpTb mRNA (data not shown), indicating that the 7 kb fragment of HpTb gene used in this study includes cis-regulatory element that is responsive to the signals from HpEts.
Discussion
Spatio-temporal gene regulation of HpTb (À406 to +5972)
In this study, we isolated the 7 kb genomic fragment of the HpTb gene spanning À406 to +6703, and we found that this 7 kb region can substantially reproduce the spatio-temporal pattern of endogenous HpTb gene expression (Fig. 1) . However, more than 80% of HpTb-GFP injected embryos showed GFP fluorescence in PMC whereas 21% and 16% of HpTb-GFP-expressing embryos showed ectopic expression in Ec and Em domains, respectively ( Fig. 4D and Table 1 ). Although this ectopic expression may be an experimental artifact, it remains possible that additional regions may be required for complete establishment of the PMC-specific expression pattern of the HpTb gene. Since, in general, cis-regulatory elements are located in an upstream region of a gene, we had attempted to isolate the more upstream fragment of the 7 kb region to find further cis-regulatory elements of HpTb gene. But it was unsuccessful. Comparison of the upstream sequences of T-brain genes of S. purpuratus and L. variegatus revealed that GTA trinucleotide repeat is present from about À900 to À550 in S. purpuratus, and from about À1350 to À1200 in L. variegatus. Thus, a similar long repetitive sequence may be present upstream from À406 of HpTb gene and may abolish our attempt to isolate more upstream region.
3.2.
Cis-regulatory regions conserved among three sea urchin species
In order to identify cis-regulatory elements that are responsible for the spatial pattern of HpTb gene expression, we searched for transcription factor binding sites that can be found at a single site within the 7 kb region of HpTb gene and that locate at corresponding positions of T-brain genes among sea urchin species. In general, transcription factor binding sites shows a tendency to take a cluster within a functional cis-element region (Berman et al., 2002) . Although Ets and HesC are the two candidate transcription factors that may directly regulate the HpTb gene expression (Fuchikami et al., 2002; Revilla-i-Domingo et al., 2007) , we could not find any cluster of the target sites for these factors in interspecifically conserved regions. Since we successfully identified cisregulatory elements by our search method, our unique search could be an effective method to search candidates for cis-regulatory elements within a gene in the case that less regulatory information was available.
Previous studies have shown that the evolutionary diversity between S. purpuratus and L. variegatus is useful for identification of functional cis-regulatory elements Yuh et al., 2002 Yuh et al., , 2004 . In this study, we compared nucleotide sequences among three sea urchin species by FamilyRelationsII software (Fig. 2) . From comparison analyses with various criteria, we found that a 75% similarity in window size of 30 bp is the best criterion to find about 300 bp conserved regions, which is the size of common cis-regulatory modules with the same similarity to exons (Levine and Davidson, 2005) . In a two-way sequence comparison between S. purpuratus and L. variegatus, similar results were obtained by employing a window size of 30 bp and a similarity of 80%. It can be assumed that a three-way sequence comparison is a better way to find cis-regulatory element than a two-way comparison, but a two-way comparison may be sufficient because H. pulcherrimus and S. purpuratus are closely related sea urchin species (Biermann et al., 2003) .
3.3.
Hairy family consensus sequence in C1 region
We revealed that upstream region of HpTb gene spanning À406 to +287 includes the interspecifically conserved C1 region and showed that mutation of the Hairy family consensus sequence within this region caused an increase of ectopic expression in both Ec and Em domains. This result suggests that a Hairy family consensus sequence may repress the HpTb gene expression in Ec and Em domains. It is also possible that a relative increase of the ectopic expression by a mutation of the Hairy family consensus sequence resulted from failure of PMC-specific activation. However, Hairy is a repressive transcriptional regulator, and the base substitution of Hairy consensus sequence in HpTb-GFP construct increased the amount of HpTb-GFP mRNA (Fig. 4E ) and seem not to decrease the intensity of GFP fluorescence in PMC (data not shown). Therefore, we assume that the repressive function of the Hairy family consensus sequence is more feasible.
Hairy is a basic helix-loop-helix (bHLH) transcription repressor containing the Orange domain. A principal function of bHLH-Orange family protein is recruitment of transcriptional corepressors by binding to the specific DNA sequence within the target gene (Davis and Turner, 2001 ). The bHLH-Orange family consists of four subfamilies, Hairy, Enhancer of split (E(spl)), Hey and Stra13. Consensus of the target sequence of bHLH-Orange family is CANNTG, which is known as E-box, or CACNAG, also known as N-box. Drosophila Hairy homodimers prefer a nucleotide sequence similar to the Nbox, CACGCG, and this nucleotide sequence is consistent with the Hairy family consensus sequence found in the C1 region in this study. In S. purpuratus, five bHLH-Orange family genes, SpHes, SpHesB, SpHesC, SpHey and SpHey4 have been identified Howard-Ashby et al., 2006) . According to the recent version of GRN published on web site http:// sugp.caltech.edu/endomes/index.html, SpHesC, which expresses both maternally and zygotically during embryogenesis throughout the embryo (Howard-Ashby et al., 2006), seems to down-regulate Tbr gene expression. Furthermore, it was recently reported that HesC functions to repress micromere specific genes and HesC MASO perturbation results in increase of Tbr transcript in S. purpuratus (Revilla-i-Domingo et al., 2007) . Therefore, it is possible that the Hairy consensus sequence in the C1 region of HpTb gene is a target site for HesC protein. However, SpHes, which expresses in the ectoderm of the animal half and in the vegetal subequatorial region , and SpHesB seem to be more closely related to the Drosophila Hairy gene than SpHesC (Davis and Turner, 2001; Minokawa et al., 2004; Howard-Ashby et al., 2006) . It remains to be investigated whether either type of bHLH-Orange family proteins binds to the C1 region of HpTb gene and is involved in the regulation of HpTb gene expression.
Snail family consensus sequence in C2 region
The interspecifically conserved C2 region was also demonstrated to be involved in the spatial regulation of HpTb gene expression. The C2 region contains a Snail family consensus sequence, TGCACCTGTT, which was first determined in Drosophila (Mauhin et al., 1993) . Base substitution of this site resulted in an increase of ectopic expression in Ec and Em domains, suggesting that Snail family consensus sequence in the C2 region is responsible for the repression in Ec and Em domains and that Snail family protein may bind to this site. Although activative function of Snail family consensus sequence is also possible as discussed above for Hairy family consensus sequence, the repressive function is more feasible because Snail is a transcriptional repressor, and the base substitutions of Snail consensus sequence in HpTb-GFP construct increased the amount of HpTb-GFP mRNA (Fig. 4E) and seem not to decrease the intensity of GFP fluorescence in PMC (data not shown).
Snail family proteins are zinc-finger type transcriptional repressors. One of the well-known functions of Snail family is to induce epithelial to mesenchymal transitions (EMTs) (Barrallo-Gimeno and Nieto, 2005) . In S. purpuratus, three Snail family genes, Spsnail, Spscratch and SpscratchX, have been isolated . In other sea urchin species L. variegatus, Lvsnail gene that is closely related to Spsnail has been identified and analyzed (Wu and McClay, 2007) . They reported that the Snail repressor expresses specifically in PMC and SMC, down-regulates G-cadherin expression and bring about EMTs. If Snail ortholog of H. pulcherrimus retains the identical function, other Snail family proteins rather than the Snail ortholog is thought to bind to this site. Consensus sequence of Snail family binding site is CAGGTG, and this nucleotide sequence overlaps with the E-box (CANNTG), which is the consensus sequence for bHLH (Mauhin et al., 1993) . In the mutation analysis of Snail family consensus sequence in this study, we substituted CAG-GTG with ACTGTG. Since this base substitution disrupts not only the consensus of Snail family binding site but also E-box consensus, it is alternatively possible that bHLH proteins but not Snail family proteins could be involved in the function of the C2 region of HpTb gene. Hairy family consensus sequence in the C1 region contains neither Ebox nor N-box, and additional binding specificity for bHLH family is determined by middle two bases as well as its flanking bases. Therefore, the cis-regulatory elements in C1 and C2 regions may confer two distinct specificities for transcription factors.
Ets family consensus sequences in C4 region
The interspecifically conserved C4 region has a dual function, i.e. transcriptional repression in Ec domain and enhancement of HpTb promoter activity. We found a consensus sequence for Ets1 and two consensus sequences for PEA3 in this region and revealed that these Ets family consensus sequences function in transcriptional activation, but not in the spatial repression of HpTb gene expression. Ets family transcription factors possess a highly conserved ETS-domain and can be divided into several subfamilies. In S. purpuratus, 11 members of Ets gene family have been identified (Rizzo et al., 2006) . Ets1, Erg and Tel expressed specifically in micromere descendants and PMC. Our research group previously reported that sea urchin ortholog of Ets1/2 gene, HpEts, is involved in micromere specification and skeletogenic cell differentiation and that HpEts functions at the upstream of HpTb gene in GRN and upregulates HpTb gene expression (Kurokawa et al., 1999; Fuchikami et al., 2002) . Ets family transcription factors possess overlapped DNA-binding specificities based on the central GGAA/T motif. In addition to DNA-protein interactions, protein-protein interactions with partner proteins often play a major role in targeting ETS-domain proteins to specific binding sites (Sharrocks et al., 1997; Oikawa and Yamada, 2003) . Therefore, it can be hypothesized that various Ets family protein members bind to Ets family consensus sequences in the C4 region cooperatively, and are involved in transcriptional activation of HpTb gene in PMC. In this study, co-injection of HpEts morpholino with HpTb-GFP construct decreased the amount of HpTb-GFP mRNA (Fig. 9G) , indicating that the 7 kb region of HpTb gene contains cisregulatory element that is responsive to signals from HpEts. However, it is still uncertain whether the HpEts regulate HpTb gene expression directly or indirectly. To examine whether HpEts protein binds to the C4 region, we carried out electrophoretic mobility shift assays with recombinant HpEts proteins. However, we could not detect any interaction between the C4 region and recombinant HpEts protein (data not shown). This suggests that HpEts may not bind to the C4 region directly, although we could not yet exclude a possibility that it is because of the experimental conditions.
3.6.
Cis-regulatory elements to establish the spatiotemporal pattern of HpTb gene expression
The GRN of the skeletogenic PMC lineage is started by the pmar1/micro1 repressor gene and HesC was identified recently as the repressor that functions at the downstream of pmar1/micro1 gene in this GRN (Revillai-Domingo et al., 2007) . Activation of this GRN resulted in two developmental functions of the PMC lineage. The first function is the emission of the Delta signal, which serves as a spatial cue that triggers the specification of mesodermal cell types from common endomesodermal progenitor cells. The second developmental function is to give rise to the skeletogenic mesenchyme cells. The regulatory genes Tbrain, Alx1, and Ets1 are known to contribute to the activation of several biomineralization genes that are responsible for the skeletogenic differentiation of the micromere descendants (Kurokawa et al., 1999; Fuchikami et al., 2002; Oliveri et al., 2002; Ettensohn et al., 2003) . To activate the PMC-specific expression of these genes, the HesC must be derepressed by activation of a pmar1/micro1 repressor in this lineage.
In this study, we showed that interspecifically conserved C1, C2 and C4 regions possess a repressive function in the spatial regulation of HpTb gene expression, and further showed that mutations of Hairy and Snail family consensus sequences in the respective C1 and C2 regions and deletion of the C4 region increased ectopic expression. As discussed above, Hairy and Snail consensus sequences in C1 and C2 regions may be the target sites for different transcription factors and additional repressive elements within the 7 kb region could be involved in the regulation of ectopic expression of HpTb gene. Therefore, several distinct repressive elements seem to be involved in the spatial pattern of the HpTb gene expression.
We showed here that the upstream region of HpTb gene can activate the reporter gene expression in PMC and that a mutation of Hairy family consensus sequence resulted in the activation of reporter gene expression in Ec and Em domains without the downstream region of HpTb gene. This result suggests that the upstream region of HpTb gene contains cis-regulatory elements that can activate the gene expression ubiquitously in the entire region of embryo.
A model for the gene regulatory events that are responsible for the establishment of the PMC-specific expression of HpTb gene at the mesenchyme blastula stage was constructed based on the results obtained in this study (Fig. 10 ). In this model, the upstream region of HpTb gene contains a positive cis-regulatory element that can activate the transcription in the entire region of the embryo. In PMC, Ets family consensus sequences in the C4 region may be involved in the activation of HpTb gene expression. Since triple mutation in all three Ets family consensus sequences did not eliminate the enhancer activity, additional cis-elements may also be involved in activation of HpTb gene expression. In addition, Hairy family consensus sequence in the C1 region and Snail family consensus sequence in the C2 region may be involved in the repression of HpTb gene in both presumptive ectoderm and endomesoderm. Additional cis-regulatory elements in the upstream region may also repress the HpTb gene expression in these domains. Furthermore, another repressive element may be present within the C4 region and may repress the HpTb gene expression in presumptive ectoderm. Hence, multiple cis-regulatory elements could be involved in the regulation of HpTb gene expression. The transcription factors that bind to these sites have not been identified yet and must be identified hereafter.
Experimental procedures
Embryo culture
Sea urchins (H. pulcherrimus) were harvested in Seto inland sea or Tateyama Bay and their gametes were obtained by coelomic injection of 0.55 M KCl. Fertilized eggs were cultured in filtered sea water containing 50 lg/ml of streptomycin sulfate and 100 lg/ml of penicillin G potassium at 16°C.
Preparation of reporter constructs
The 7 kb fragment of HpTb gene (À406 to +6702) (GenBank Accession No. EF530737) was subcloned into XbaI and PstI sites of pBluescript Ò II SK(+) (pBSK) vector (Stratagene). To express a HpTb-GFP reporter under the control of the 7 kb region, a HpTb gene fragment harboring from À406 to +5972 was excised by PstI and AgeI, and inserted into pGreenLantern-1 vector (GIBCO BRL), resulting in the fusion of the second exon of HpTb gene with GFP coding sequence (HpTb-GFP). This construct was linearized by SacI.
To prepare DC2 HpTb-GFP, DC3 HpTb-GFP and DC4 HpTb-GFP constructs, internal deletions of each conserved region were generated by PCR amplification of the entire HpTb-GFP plasmid excluding each conserved region using the appropriate primer set and subsequent self-ligation of the PCR product. DHairy HpTb-GFP and DSnail HpTb-GFP constructs were prepared by PCR using HpTb-GFP plasmid as a template and primer set that includes base substitutions in each consensus sequence and subsequent self-ligation. The nucleotide sequences of primer sets used in these mutageneses are listed in Table 2A . DHairy/Snail/C4 HpTb-GFP were prepared in the same manner as described above using appropriate primer sets. These mutated constructs were linearized by SacI.
U-GFP was prepared by insertion of the upstream region of HpTb gene spanning À406 to +287 into PstI and EcoRI sites of pGreenLantern-1 vector. DHairy U-GFP was prepared by a PCR with the primer set used in preparation of DHairy HpTb-GFP and U-GFP plasmid as template and subsequent self-ligation. U-GFP and DHairy U-GFP were linearized by PstI. The PCR amplifications were performed using ''High Fidelity DNA Polymerase KOD -Plus-'' system (TOYOBO, Japan).
To prepare a U-Luc construct, the upstream region of HpTb gene spanning À406 to +287 were excised by PstI and EcoRI, and subcloned into the corresponding sites of pBSK vector. The upstream region was subsequently excised by SmaI and HindIII, and inserted into the corresponding sites of the pGL2-basic vector (Promega). To prepare A-, B-and C-U-Luc constructs, fragments A, B, and C of the HpTb gene were excised by BamHI-HindIII, HindIIIClaI, and ClaI-ClaI digestions, respectively, and inserted into the upstream of U-Luc construct.
The serial deletion of fragment C was made by PCR amplification using the appropriate primer set (Tables 2B and C). For the deletion from the 5 0 end of fragment C, a PCR was carried out using common reverse primer with 5 0 extension of PstI site and forward primer without extension (Table 2B) , and the amplified fragments were digested with PstI and subcloned into PstI and EcoRV sites of pBSK vector. Subsequently, deletion fragments were excised by XhoI and PstI, and inserted into the corresponding sites of the U-Luc construct. For the deletion from the 3 0 end, a PCR was performed using C-U-Luc plasmid as template and appropriate primer sets (Table 2C) and PCR products were subsequently self-ligated. To construct C4-U-GFP and C4-U-Luc, the C4 region was amplified by PCR with forward primer used in preparation of C(151_2172)-U-Luc and reverse primer used in preparation of C(1_572)-U-Luc. The resultant PCR product was inserted into the upstream of U-Luc or U-GFP constructs.
To prepare Ars-Luc plasmid, promoter region of the Ars gene (À252 bp to +38 bp) was inserted into PstI and HindIII sites of pGL2-basic vector. Then, C4-Ars-Luc was prepared by insertion of the C4 region into XhoI and PstI sites of the Ars-Luc construct. These constructs were digested by XhoI. Mutageneses of Ets family consensus sequence in C4-U-GFP or C4-U-Luc constructs were carried out by using Transformer TM Site-Directed Mutagenesis kit (CLONTECH) as described in the manufacturer's instructions. Nucleotide sequences of primers used in these mutageneses were as follows: mutation primer for Ets1 site (DEts), 5 0 -GATCATCATCGCACCATGTCATG-3 0 ; mutation primer for upstream PEA3 site (DPEA3_1), 5 0 -GCTGT TCTGACGCGTTTGGTTTG ATCATCATCG-3 0 ; mutation primer for downstream PEA3 site (DPEA3_2), 5 0 -CCCATAATCTTTGGTGTTTA CAAACC-3 0 ; selection primer for ScaI site, 5 0 -GACTTGGTTGAA TACTCACCAG-3 0 . These mutated constructs were linearized by SalI. Comparison of nucleotide sequences of T-brain genes among three sea urchin species
The BAC sequence of S. purpuratus SpTbr gene (GenBank Accession No. AC131381) and that of L. variegatus LvTbr gene (GenBank Accession No. AC131488) were obtained from the website of the sea urchin genome project (http://sugp.caltech.edu/). The FamilyRelationsII software was used for the comparison of nucleotide sequences of T-brain genes of three sea urchin species, H. pulcherrimus, S. purpuratus,and L. variegatus. In this comparison, the nucleotide sequence of the 7 kb region of HpTb gene was compared with the complementary sequence of SpTbr gene (nucleotide 68261-75571) and complementary sequence of LvTbr gene (nucleotide 41200-50457).
4.4.
Search for transcription factor binding sites
To search for consensus sequences for transcription factor binding sites, we used the MOTIF Search server at GenomeNet (http://motif.genome.jp/). This server allowed us to search nucleotide sequences against the TRANSFAC database using a program named TRANSFACFind based on the dynamic programming algorithm written by ICR, Kyoto University. TRANSFAC is a database on eukaryotic cis-acting regulatory DNA elements and trans-acting factors (Heinemeyer et al., 1999) . It covers the entire range from bacteria to humans.
4.5.
Introduction of GFP constructs and morpholino oligonucleotide into fertilized eggs by microinjection Microinjection was carried out as described by Rast (2000) with some modifications. The linearized reporter constructs were dissolved at a concentration of 400-1000 molecules/pl in the solution containing five-fold mass excess of sea urchin genomic DNA with compatible ends, 120 mM KCl and 20% glycerol. Morpholino oligonucleotide complementary to sequence containing the translation start site of HpEts (5 0 -GCATAGACGCCATTGATGCTCGGCC-3 0 ) was synthesized by Gene Tools (Corvallis) and the standard control morpholino oligonucleotide (5 0 -CCTCTTACCTCAGTTACAATT-TATA-3 0 ) was purchased from Gene Tools. Two pl of the linearized reporter construct solutions with or without 3 · 10 8 molecules/pl of morpholino oligonucleotide was injected into fertilized eggs of sea urchin. In order to observe the spatial pattern of GFP fluorescence, embryos were fixed in sea water containing 0.1% formaldehyde and visualized on IX-81 fluorescence microscope (Olympus). Images were acquired with MetaMorph software (Universal Imaging).
Quantification of GFP reporter DNA and mRNA in microinjected embryos
To quantify the level of transcription from a single copy of introduced reporter construct, genomic DNA and total RNA were extracted from 100 to 150 microinjected embryos by ISOGEN (NIP-PONGENE, Japan) as described in the manufacturer's manual. Total RNA was treated with DNaseI and reverse-transcribed with ThermoScript TM RT-PCR System (Invitrogene) as described in the instruction manual. Quantities of genomic DNA and cDNA were determined by Quantitative PCR (QPCR) according to the experimental procedure described by Revilla-i-Domingo et al. (2004) with some modifications.
Briefly, to determine the copy number of reporter constructs integrated into the genome, a QPCR was conducted using primers designed to amplify a 150-200 bp fragment of the coding sequence of GFP (GFP primer set) and the coding sequence of the Ars gene (Ars primer set) and genomic DNA template. The nucleotide sequences of primers used in QPCR experiment are listed in Table 2D . PCR amplification of each gene fragment was analyzed on Mx3000P
